Nerve guidance conduits are considered to be the new generation of scaffolds designed for nerve disorders. A tubular construct with a highly aligned fibrous structure, mimicking the endoneurium layer surrounding inner axons of a nerve fascicle, is a suitable candidate for a nerve guide. In this paper a new approach for the fabrication of 3D tubular nerve guides is introduced using simulation of a two-pole electrospinning system and describing its mechanism. The structure of this scaffold is then optimized using the Taguchi statistical method and after morphological studies by scanning electron microscopy, the crystallinity, tensile strength and protein adsorption of these highly aligned fibres are investigated, comparing them with semi-aligned and random fibres produced via conventional mandrel electrospinning. Cell attachment, proliferation and migration of PC12 neuronal like cells are studied on highly aligned, semi aligned and random structures, and morphological change and elongation are observed in PC12 cells. The results of these studies suggest that conduits fabricated using two-pole electrospinning are a suitable and promising scaffold for peripheral and even spinal nerve regeneration. This nerve guide has a great potential for further advanced modifications and regeneration in higher levels. 
Introduction
In the onset of injury, when a nerve is severed, all signals distal to the injury site are lost and downstream axons gradually start to undergo Wallerian degeneration [1] . After the injury, peripheral nerves are capable of a limited degree of regeneration. In the proximal segment, the surviving nerves respond to soluble factors, mostly produced by Schwann cells, and begin to regenerate [2] . However, regeneration across extended nerve gaps must be surgically facilitated by suturing the proximal and distal stumps together to form an end-to-end anastomosis. Treatment becomes more complicated when a long segment of the nerve is crushed or completely degenerated. In long gaps where anastomosis of the nerve stumps produces tension, the gap must instead be bridged, most commonly with an autograft segment of nerves. Autograft bridging has some limitations and drawbacks with regard to a lack of available donor nerves, requirements for secondary surgery and the loss of donor site function [3, 4] . A great portion of research effort in this area has focused on nerve guidance channels used to bridge this gap and enhance regeneration [5] . These devices cover a wide range of synthetic and natural materials and can be fabricated using different techniques based on diverse designs [6] . The basic tubular design has been modified using different biochemical, physical or combined methods, so far including the addition of growth factors [7] [8] [9] , incorporation of support cells [10] [11] [12] and utilizing physical modifications such as multi-channels [13] , film enhanced conduits [14] or fibrous structures alone or together with other methods [15, 16] .
Mimicking the natural architecture of the extra cellular matrix (ECM) is a common approach of tissue engineering to facilitate regeneration. In peripheral nervous systems, axons are enclosed by endoneurium, which is composed predominantly of oriented Design and fabrication of a nanofibrous polycaprolactone tubular nerve guide for peripheral nerve tissue engineering using a two-pole electrospinning system collagen fibres [17] . Therefore, aligned nanofibrous scaffolds may exhibit more suitable performance in terms of directing cell growth, migration and ultimately regeneration [18] . There are different methods of fabricating bio-inspired materials, though the fascinating morphologies and structures fabricated by electrospinning demonstrate the greatest potential for this method for construction of biomimetic structures [19, 20] . As a versatile and cost-effective fabrication technology, electrospinning is the mainstream technique for obtaining fibres, affording the opportunity to engineer scaffolds with micro to nanoscale topography and high porosity similar to natural ECMs [21] [22] [23] . One simple method of obtaining aligned nanofibres is to employ a rotating mandrel to collect electrospun fibres as parallel arrays. However, this technique can only achieve suitable alignment when the width of the mandrel is very thin (less than 5 mm), and low or high rotation speeds result in a less precise alignment and a tensile load that breaks the fibres, respectively. Therefore, other kinds of collectors have been developed to overcome these drawbacks, including a rapidly oscillating frame, a ring collector, a metal frame collector, a rotating drum and a pair of electrodes separated by an insulating gap, the last being the one that stands out among others for being particularly simple and scalable [24] . The insulating gap approach is typically based on the manipulation of the electric field in the collecting area. Analysis of the electric field in such a system configuration, and the resulting forces exerted on the electrospun nanofibres, was first conducted by Li et al [25] . Since then, the design of collecting electrodes has made progress from parallel plates to other types of collectors, including dual collecting rings [26] and oval tips and spheres [27] , which provide different shapes such as cylinders and tubes consisting of aligned fibres.
In this study, a tubular conduit scaffold was introduced by 2-pole electrospinning using manipulation of an electric field with two cylinders as collecting electrodes. The electric field plays a key role in producing the required nanofibres in electrospinning, and its distribution influences the jet motion in the electrospinning process and eventually the resulting fibre morphology [28] . Moreover, the role of electric field distribution in the fibre arrangement process as well as the optimum parameters for obtaining finest fibres were investigated. As a biomedical application model for neural tissue engineering, the cellular attachment, proliferation and migration were investigated in different experiments using PC12, SH-SY5Y and C6 cells.
Materials
Polycaprolactone (PCL, Average M n = 80000) was purchased from Sigma, USA. Dichloromethane (DCM) and dimethylformamide (DMF) were obtained from Merck, Germany. PCL was dissolved in a mixture of DMC and DMF with a ratio of 80 : 20. Three different solutions with polymer concentration of 10, 12.5, and 15 wt.% were prepared for different experiments.
Method

Electrospinning
The system in this study consisted of a handmade dual pole collector for a horizontal electrospinning set up. The dual pole collector comprising two uniaxially aligned and horizontally oriented cylindrical electrodes was grounded and served as the fibre collector. The electrodes were supported by two vertical dielectric piers fixed on a foam stage. The distance between the two collectors could be altered from 1 to 5 cm. In this study, a 3 cm gap was considered as the fixed space between the two terminal ends of the projecting tubes. We used a needle with gauge 21 in a syringe system.
Simulation
A finite element method based on software package COMSOL ® Multiphysics was applied to create a 3D model of the electrospinning set up to simulate the electric field lines during the electrospinning. A schematic diagram of the COMSOL model used for calculation of the electric field distribution between the needle and two pole collector is represented in figure 1(A) . Boundary conditions were determined based on optimum values of electrospinning factors.
Two stages were generated to simplify the simulation; stage one, which is the initial state in which there was no substance on the collectors, and stage two in which the polymer starts to accumulate on one of the collectors. The geometry was based on the actual size of the collector: two hollow cylinders (diameter 7 mm), 3 cm distance between the two collectors, 20 cm travelling distance and 12 kV voltage (the voltage and travelling distance were based on the optimum level obtained from the Taguchi analysis). Copper and air were selected for the collectors and filler of environment, respectively. The virtual set up was considered as the environment of the experiment in a two layer 3D sphere and infinite element. Three different levels of meshing were used; eventually 1 224 744 domain elements, 113 110 boundary elements and 3656 edge elements were generated. The three types of mesh element were all tetrahedral (maximum element size: 0.15 mm; minimum element size: 0.01 mm). The infinite element was meshed using a swept feature of meshing mechanism in COMSOL. The calculation was carried out using the MUMPS solver in the AC/DC module.
Taguchi's orthogonal design
Four relevant parameters were investigated: the polymer concentration in the solution, the electric field, the flow rate and the travelling distance between the needle and collectors. Three levels for each parameter were considered. In a full factorial design of experiments with these parameters there would be 3 4 = 81 combinations of parameters to test. Therefore, Taguchi's orthogonal design was used to reduce the number of experiments and obtain optimum conditions for producing the finest uniform fibres [29] [30] [31] . For this number of parameters, the orthogonal 
Fibre diameter characterization
The electrospun constructs were removed from the target and cut into two sections. Each section was studied thoroughly using a Hitachi S-4160 field emission scanning electron microscope (FE-SEM). The fibre diameters were measured from multiple SEM images of both segments. For each experiment, 100 fibres were analysed using the NIH ImageJ software. The mean diameter and standard deviation (SD) were calculated using the following expressions:
and L i is the length of fibre segment diameters x i
Fibre alignment analysis
The degree of fibre alignment in each experiment was measured using the ImageJ 2D fast Fourier transform (2D FFT) function. To sum the pixel intensities along a circle, the oval profile plug-in was used and a graph of pixel intensities across 360° obtained for each experiment.
Tensile test measurement
The tensile strength of fibrous structures was measured by uniaxial testing at an extension rate of 10 mm min . Two other series of electrospun sheets (as a control) were prepared via rotating drum electrospinning with a rotation speed of 1500 rpm (M1 group) and 200 rpm (M2 group) using the same concentration as the cylindrical samples. The average value of stress at failure for these scaffolds was recorded. The sample elongation as a function of applied tension and stress-strain curves were drawn from this experiment.
Crystallinity analysis
The fabrication techniques affect the orientation of irregular molecular chains and therefore degree of crystallinity. Since the degree of crystallinity influences the extent of intermolecular secondary bonding, it can significantly affect the mechanical properties [32] . An x-ray diffraction (XRD) analysis was performed using the PANalytical X'Pert Pro MPD in order to assess changes in the extent of crystallinity in the samples. A cast film, cylindrical samples (2p samples) as well as M1 and M2 samples were all prepared by using a 10 wt.% PCL solution.
Protein adsorption analysis
The behaviour of the adsorption and desorption of blood proteins or adhesion and proliferation of different types of mammalian cells on polymeric materials depend on the surface characteristics such as wettability, hydrophilicity/hydrophobicity ratio, bulk chemistry, surface charge and charge distribution, surface roughness, and rigidity [33] . A specific experiment was designed to evaluate the effect of fibre alignment and fibre diameter on adsorption of blood proteins. In this experiment scaffolds were prepared in four different groups of 2p, M1, M2 and film (F), each containing three samples with a PCL concentration of 10%, 12.5% and 15% wt. All samples were fabricated in a tubular shape inside a 2 cm cut microtube. Samples were incubated in fetal bovine serum (FBS) for 16 h. Afterwards, they were washed twice with phosphate buffered saline (PBS). Sodium dodecyl sulfate (SDS) was applied to protein samples to linearize proteins and the extent of adsorbed proteins measured by polyacrylamide gel electrophoresis (PAGE) using bio-rad protein electrophoresis equipment according to the previously published method [34] .
3.9.
Cell culture PC12, SH-SY5Y and C6 cells were provided by the National Cell Bank, Pasteur Institute (Iran). The cells were cultured in RPMI-1640 supplemented with 5% FBS and 10% horse serum. The cell attachment and morphology were investigated both using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay and SEM analysis. The attachment of PC12 cells and C6 cells seeded on 2P, M1 and M2 scaffolds for 24/72 h were visualized using SEM. To analyse the cell attachment quantitatively PC12 cells with a density of 1 × 10 5 cells were cultured on different fibrous structures in two rounds (90 min and 150 min). The samples were washed in PBS and studied using an MTT assessment [35] .
SH-SY5Y cells were cultured and stained with fluorescein isothiocyanate (FITC) conjugated phalloidin (Sigma, USA) and rhodamine conjugated wheat germ agglutinin (Life-technologies, Germany) to observe the alignment of cells. The cell proliferation was evaluated using an MTT colorimetric assay [35] . Fibrous scaffolds of 2P, M1 and M2 were prepared in a tubular shape in the same way described in the protein adsorption assay section. Initially, PC12 cells with a density of 5 × 10 3 were cultured on scaffolds for 14 d with a medium exchange every 3 d. Subsequently, after the final medium removal, 4 ml of MTT solution (5 mg ml −1 in PBS) was added to each sample. After 4 h incubation at 37 °C, the formazan crystals were dissolved in isopropanol and the optical density (OD) of the wells determined using an enzymelinked immunosorbent assay (ELISA) plate reader at a test wavelength of 570 nm by STATFAX 2100, USA.
In order to study the cell migration, C6 cells were encapsulated in alginate gel and placed on one side of the 2p, M1 and M2 scaffolds in flattened 1.5 × 3 cm 2 shapes. PC12 cells were then seeded (in 100 μl) on the opposite side of the scaffolds and after 3 h an incubation medium was added to cover the surface. The extent of migrated PC12 cells in roughly 2 cm incipient cell-free scaffolds was observed by Hoechst staining (after 36 h).
Statistical analysis
A one-way analysis of variance was used for statistical analysis using SPSS Statistics software (Version 16.0/17.0/18.0; SPSS, Chicago, IL, USA). The results were set as significant for p < 0.05.
Results
The process of 3D structure formation
Finite element software was used to examine how the nanofibrous tubular structures start to form under this system configuration. After starting the electrospinning process and after formation of a Taylor cone, the charged liquid jet enters a regulated symmetrical field ( figure 1(C) ). The head of the accelerated jet nears the grounded collectors, and, depending on the direction in which the inciting momentary circumstances are induced, inclines its direction to one of the two collectors and deposits ( figure 1(D) ). Initially, this epsilon amount of polymer does not seem to have any influence on the symmetry of the field. However, as regards to the fact that the polymer jet consists of continuous molecular chains and therefore the electric discharge takes place progressively, this influence gradually emerges. As the polymer continues to accumulate on one of the collectors, the inconspicuous delay in complete electric discharge starts to make a slight asymmetry in the order of the incipient filed.
To better understand this process, a 9 × 10 array was considered in front of the collectors to measure the electric field before and after accumulation of the charged polymer jet. The y-component of the electric field for each element of the matrix before and after poly mer deposition obtained via COMSOL is presented in tables 2 and 3, respectively. Noting the five frontal elements near the gap between the collectors (a 3,10 to a 7,10 ), changes in the y-component can be observed in these two stages. According to table 2, at the beginning of the process of electrospinning before the entrance of the polymer jet in the electric field, the y-components of the electric field are equally distributed in the mirroring elements of the matrix with respect to the central vector. However, after deposition of the polymer on one pole of the collectors, the symmetry of the field breaks and the total y-component in the frontal region inclines to the opposite direction of where the polymer was deposited incipiently (table 3, a 3,10 to a 7, 10 ). This change in the field direction increases to the point that it becomes strong enough to deflect the orientation of polymer jet to the second pole of the collector.
Repetition of this mechanism continues until the whole surface of the two collectors is covered with the fibres. The first layer of the deposited fibres makes a cylindrical shape across the electrode gap. By deposition of a second layer of fibres upon the previous layer, the fibres tend to configure into a convex shape due to the same charge repulsion as the previous layer and this convexity reduces gradually as more layers of fibres are deposited (figures 1(F(a)-(d))). A more detailed description regarding the progress of the convexity shape to formation of a tubular core is discussed in an analogous study by Zhang et al [36] .
Fibre diameter and morphology
Electrospinning parameters control the quality of fibre formation and degree of alignment. A Taguchi orthogonal design was utilized to achieve the best level of parameters in this system configuration. Table 1 represents the mean diameter and SD of the obtained electrospun fibres. According to experiments designed by the Taguchi method, fibres with a range of diameters from 0.33 to 1.05 μm can be obtained. It should be noted that the SD of the fibres achieved using the 2P method is very low, in particular in the first five experiments, and this fact highlights that the obtained structures contain very homogenous fibres. The signal-to-noise ratio (SN number) was calculated for each experiment to measure the effect of the variables on the output [31] using the equation:
where x j is the mean diameter and σ j is the SD of experiment number j. Table 4 shows the calculated mean effects of different levels of each parameter and the SD of the diameters. The range in the table shows the difference between the maximum and minimum values and the importance of the parameters is considered based on the extent of the ranges. According to table 4, the concentration of the polymer solution as well as the electric field has the largest influence on the fibre characteristics. This experiment was performed to determine the most suitable level of different parameters to obtain thin fibres with the narrowest diameter distribution for the novel 2P electrospinning method. By comparing the results obtained from tables 1 and 4 along with SEM images of the nine experiments illustrated in figure 2(A) , it can be observed that the solution with the lowest concentration (10 wt.%) in an electric field of 12 kV yields the most homogenous and thinnest fibres.
Fibre alignment
Fibres obtained via the 2-pole electrospinning method (2P fibres) are highly aligned with uniform distribution compared to semi-aligned fibres acquired from high speed rotating mandrel electrospinning (M1 fibres). method. In a steady level of polymer concentration, it can be observed that the optimum level of electric field yields the highest alignment. Considering this fact it is expected that, in a constant concentration level, receding from the optimum voltage must eventually reduce alignment. However, experiments 8 and 9 fail to demonstrate this. In experiment 9, although the extent of the voltage is much farther from the optimum level in comparison with experiment 8, the degree of fibre alignment of experiment 9 is higher than that of experiment 8. Table 5 is presented for further interpretation of this exception. In experiments 1 to 3 where the polymer concentration is limited to its optimum level (10 wt.%), alignment decreases as we recede from the optimum level of voltage. According to table 4, the concentration and voltage have the highest importance for the SN number. It can be concluded from these two tables that for the optimum level of concentration, the voltage has a direct influence on alignment in comparison with other factors. However, by receding from the optimum level of concentration, the influence of other factors such as distance and flow rate become more important. Therefore, in experiments 7-9 where the concentration is in its third level, the effect of voltage on alignment decreases and other factors such as distance and flow rate determine the degree of alignment.
The highest degree of alignment as well as the highest uniformity in the fibrous structure for 2-pole electrospinning can be achieved by applying the optimum level of factors, which are mentioned in table 4. Thus, a PCL concentration of 10 wt.% in a 12 kV electric field with 20 cm travelling distance and 0.066 ml h −1 flow rate gives us the thinnest uniform fibres with the highest degree of alignment. An SEM image of this structure along with the summed radial intensity of its FFT image is illustrated in figure 2(C).
Mechanical and physical properties
Stress-strain curves of the 2P, M1 and M2 samples with different polymer concentration under an extension rate of 10 mm −1 are presented in figure 3(A) . It can be seen Note: The best level that leads to the smallest mean diameter as well as the narrowest diameter distribution was selected according to the obtained data. that, in each group, an increase in polymer concentration results in an increase in Young's modulus calculated from the slope of the linear region of the curve as well as the stress at the yield point. In addition, by comparing the stress-strain diagrams of different groups it can be observed that a higher extent of alignment enabled greater stress to be applied. Table 6 compares different degrees of alignment together with their stress at the yield point. The stress at the break point of 2P fibres at the optimum level of polymer concentration was 2.3 and 3.6 times higher than M1 and M2 fibres, respectively. The stress at the break point of 2P, M1 and M2 fibres in 10-15 wt.% is displayed in table 6 . Results of XRD demonstrate that an increase in alignment has a direct relationship with an increase in crystallinity percentage. Random fibres had the least degree of crystallinity according to table 7. Moreover, film samples had higher crystallinity than random fibres.
Protein adsorption
This experiment was designed to evaluate the effect of fibre diameter and alignment on protein adsorption. SEM images of all samples used in this experiment are represented in figure 4(A) . Film samples were considered to compare their results regarding the extent of protein adsorption with fibrous structure. The results of this experiment show that protein adsorption increases significantly with the degree of alignment (figure 5). For further analysis of protein gels, the band detection and extent of adsorption intensity were examined using Image Lab ™ software using a 10-170 KDa ladder ( figure 4(B) ). The OD of each lane was measured using the ladder as the reference.
The results obtained from this analysis show that aligned fibres adsorb higher degree of proteins in comparison with the random fibres. In addition, the highest optical intensity of all samples was attributed to the proteins in the range 40-80 KDa. In this range (40-80 KDa), the highest OD for 2P fibres (4000, figure 5(a) ) was greater than the highest OD of semi-aligned (3000, figure 5(b) ) and random ones (2200, figure 5(c) ). Generally speaking, in fibrous structures, an increase in polymer concentration intensifies protein adsorption. Since an increase in the concentration of polymer solvent has a direct influence on fibre diameter, it can be inferred that thicker fibres have greater potential to adsorb proteins of 40-80 KDa. However, in 2P fibrous structures, with the highest uniformity and the lowest SD in fibre diameter, protein adsorption was nearly identical in different levels of polymer concentrations. Thus, it can be concluded that homogenous aligned fibrous structures have the same potential of protein adsorption regardless of fibre diameter. In film samples, however, there is no clear order between polymer concentration and degree of protein adsorption. The OD of proteins in the Figure 6 displays the cell attachment analysis of the 2P, M1 and M2 samples. According to SEM images, 2P samples made of highly aligned fibres showed a leading role in changing the morphology of PC12 cells from a round aggregated shape to an extended linear shape (figures 6(f)-(i)). As a homogenous substrate, aligned fibres induced PC12 cells to arrange along the parallel orientation (figures 6(f) and (g)). However, no change in morphology was observed for C6 cells cultured on a similar structure and in the same period (figures 6(a)-(c)). PC12 and C6 cells were cultured without any growth factor in this experiment; therefore their reaction to a physical signal from the scaffold alone determined their behaviour. Comparing the elongated morphology of PC12 cells with the unchanged round shape of C6 cells, we assume that 2P fibres can be potent stimulators for elongation of neurons. The same results were obtained from the culture of SH-SY5Y cells on the 2P scaffold, which supports previous results regarding PC12 cells ( figure 6(k) ). In addition, the results showed no specific alteration in the cell morphology by culturing PC12 and C6 cells on M1 and M2 samples for 3 d. Cells were grown in colony shapes and this colony formation was mostly noticeable in culture of PC12 cells on M2 fibres ( figure 6(i) ).
In vitro studies 4.6.1. Cell attachment
The results of the quantitative attachment study show that a significantly higher number of cells were attached on 2P and M2 fibres than on M1 fibres (p < 0.005). Although attachment increases in all samples over time ( figure 6(j) ), the difference in cell adhesion remains significant (p < 0.05). Since PC12 cells grow in colony shapes and random fibres have shown their potential to stimulate this colony growth previously ( figure 6(i) ), higher cell attachment on random fibres suggest that they might be a suitable substrate for embedding aggregated cells. Accordingly, as highly aligned fibres showed a nearly equivalent extent of adhesion, we suggest that homogenous aligned fibrous structures have the same appropriateness for attachment on these colony growing cells.
Cell proliferation
The results of MTT staining for different scaffolds after 14 d are illustrated in figure 7 . Cell proliferation on 2P and M2 fibres was significantly higher than M1 fibres (p < 0.0005) ( figure 7(B) ). In a morphological analysis it was found that M2 scaffolds tend to promote the colony growth of PC12 cells. This high growth in colony shape is also observed in figure 7(A) . On the other hand, 2P scaffolds tended to promote the growth of PC12 cells uniformly all over the scaffold as well as having a high OD, which represents a high extent of cell growth. M1 scaffolds consisting semi-aligned fibres displayed the lowest OD of proliferation. However, similar to 2P scaffolds they showed an overall distribution of cells. These results suggest that alignment is a keen stimulating factor for uniform distribution and growth of cells. Comparison between 2P and M1 scaffolds indicates that a uniform fibre diameter distribution has greater influence on cell proliferation. This can also be considered as an additional affirmation for the argument that among aligned fibres, uniform fibres with the lowest SD in fibre diameter adsorb the highest quantity of proteins (figures 5(a) and (b)). Figure 8 (B) represents different fibrous scaffolds used in the migration experiment. By inserting C6 capsules and PC12 cells at opposite sides of the scaffolds, a nearly 2 cm cell-free space was left on the scaffolds. After 36 h incubation this space was examined using Hoechst staining. The results of this experiment showed the highest migration rate of PC12 cells on 2P scaffolds since the cells exist in the nearest region to C6 capsules ( figures 8(A(1)-(3)) ). PC12 cells of M2 scaffolds were fixed in their initially aggregated form with no sign of migration (figures 8(A (7)- (9))). Cells on the M1 scaffolds advanced to the second stage and were more scattered than cells on the M2 scaffolds without succeeding in reaching the final stage (figures 8(A(4)- (6))). These results suggest that in chemically adequate circumstances, highly aligned fibres have great potential to stimulate cell migration.
Cell migration
Discussion
In this study, a thorough description is given regarding the formation of a 3D tubular construct made of highly aligned uniform fibres fabricated using the insulating (air) gap approach. This technique stands out as a particularly simple and scalable method and has been increasingly considered in the past few years. As an example for this method, we used a 2-pole handmade electrospinning system to obtain 3D tubular scaffolds composed of highly aligned fibres oriented parallel to the long axis of the tubular construct. A finite element method based software package, COMSOL ® Multiphysics, was used to simulate the electric field lines and explain the process of fibre deposition. In conventional collectors, the charges on the deposited fibre are often quickly dissipated into the ground, but in air gap collectors the charges can remain on the fibre for a more extended period of time. Based on the results obtained from this experiment, by continuous deposition of a polymer on one of the collectors, a delay in complete discharge starts to create slight asymmetry in the order of the incipient electric field (tables 2 and 3). This change in the field direction as well as electrostatic repulsions between the deposited and incoming fibres pushes the jet into a reciprocating motion. Repetition of this process continues to the point that a fibrous cylinder forms between the collectors. In this system, electrospun scaffolds composed of aligned PCL fibres ranging from ~300 nm to ~1.05 μm in average diameter were obtained. The degree of alignment in 2P fibres was significantly higher than aligned fibres obtained via high-speed rotating mandrel electrospinning (table 6). One of the interesting characteristics of aligned fibres obtained via this method, aside from their high degree of alignment (figure 2), is their relative uniformity. The SD for the mean diameter of the fibres obtained from this method is very low, in part icular for the first five Taguchi experiments as well as the optimum sample ( figure  2,<30 nm) . These results indicate that the structure contains very homogenous fibres.
Evaluations of mechanical and physical properties show that 2P fibres are more elastic than M1 fibres and the degree of crystallinity in aligned fibres is higher than in disordered ones. The crystallinity of a spun fibre depends on its rate of cooling during spinning. 2P fibres are stretched along the gap between the two poles. Therefore, molecular chains become more oriented in this direction. Also, in the process of film formation the polymer undergoes a longer cooling rate and molecular chains have more time to arrange in a more oriented manner. Therefore, film samples had a higher degree of crystallinity than disordered fibres. The degree of crystallinity has a significant influence on mechanical properties, since it affects the extent of the intermolecular secondary bonding [32] . As a consequence, with an elevation in the degree of crystallinity in semi crystalline polymers, the tensile modulus increases significantly. This fact is clearly demonstrated in table 7 and figure 3(B) . Highly aligned fibres that also had a higher degree of crystallinity also showed a higher tensile modulus.
The protein adsorption experiment interestingly showed that there is a difference in protein adsorption on the aligned and disordered fibres. The results of this (7)- (9)) represents the results of Hoechst staining for the M2 scaffold. PC12 cells were aggregated and formed a huge colony and failed to migrate in the same time scale of the experiment (scale bar (A(1)-(6)): 100 μm, (A(7)-(9)): 300 μm). experiment can be interpreted considering different factors including alignment, fibre diameter, uniformity of the structure and crystallinity. In all samples, proteins with a molecular weight range of 50-70 KDa had the highest adsorption. In fibrous samples the intensity of this adsorption decreased from 2P to M1 and M2, respectively ( figures 5(a)-(c) ). In these samples we also observe a reduction in alignment and decrease in crystallinity. Considering the fact that the degree of crystallinity in 2P and M1 fibres is nearly the same, it can be concluded that in fibrous structures, alignment has a positive influence on protein adsorption, specifically the proteins with a molecular weight range of 50-70 KDa. Smaller proteins with molecular weight less than 40 KDa had a lower adsorption in the fibrous samples. Generally in the fibrous structures, thicker fibres of each group had higher protein adsorption. In the 2P group we have a three diameter range (~370, 450 and 670 nm) and fibres in each sample are relatively uniform (low SD). Although the increase in diameter increases the adsorption a little, by comparing this group with the other groups (M1 and M2) we can see that different diameters had nearly the same level of adsorption. It can be inferred that uniformity in fibre diameter distribution can produce more reliable results as the samples almost act the same. But in other fibrous samples, since we cannot control the fibre diameter or its distribution range, it is difficult to derive accurately the same results for other samples prepared in the same experimental situation. This fact is also repeated in the film samples. In the film samples we did not control porosity or the degree of crystallinity, and, as depicted in diagram d of figure 5 , there is no order between an increase in polymer concentration and protein adsorption.
PC12 cells cultured on 2P fibres tended to elongate and form an extended linear shape after 72 h (figure 6). Also, 2P fibres induced both PC12 and SH-SY5Y cells to arrange along the axial direction of the scaffold in the same direction with aligned nanofibres. We assume that the 2P fibres can be considered as potent stimulators for elongation of neurons.
The 2P fibres also showed great results regarding distribution of cells all over the scaffold in the proliferation test. It seems cells cultured on highly aligned homogeneous fibres not only have a good proliferation rate, but also spread all around the scaffold instead of aggregating in limited spots. Likewise, this behaviour of PC12 cells is repeated in the migration test. Cells were arranged along the direction of fibres, spread across the scaffold, and then migrated towards C6 capsules.
Conclusions
In this study, a PCL based tubular fibrous scaffold was successfully fabricated by a new two-pole electrospinning system. This system configuration provided us with highly aligned uniform fibres with very low SD in diameter distribution (SD < 30 nm for the optimum sample). Modelling of the process of two-pole electrospinning indicated that this fibre orientation results from the tendency of the electric field in the system to remain symmetric. Therefore, when the polymer starts to change the initial order, it is forced to enter a round-trip loop resulting in an aligned arrangement of fibres. A mechanical and crystallographic analysis of this structure (2P), comparing semi-aligned (M1) and random fibres (M2) prepared via mandrel electrospinning, shows their relative high tensile strength and elevation in degree of crystallinity. Moreover, distribution, growth, elongation and migration of cells were enhanced on uniform aligned fibres and higher adsorption obtained in a protein adsorption assay. These results make the new aligned fibrous conduit a promising candidate for further study in neural tissue engineering applications.
